The present paper concerns investigation of the stress-state in materials by ultrasonic technique. The velocities of ultrasonic surface waves are measured in different directions on the surface of rolled steel sheets. The signal processing and cross spectra methods are used to study the stress in a steel sample.
Introduction
Propagation of ultrasonic waves depends on physical properties of the medium, the volume density and the stress state [1] [2] . Measurements of the change in stressinduced ultrasonic bulk and surface wave velocities give the necessary information for stress evaluation [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The investigations on the acoustoelasticity by the Rayleigh wave in the non-uniform stress state the first time were provided in [5] and extended in [6] [7] [8] . Numerical and experimental results of the longitudinal and linearly polarized shear ultrasonic impulses that propagate in a material subjected to bending are presented in [9] . The acoustoelastic measurements have been realized in [10] to determine mechanical and elastic properties in a compression stressed material. The experiments and modeling of the stress gradient in aluminum by surface ultrasonic waves are given in [11] .
In isotropic and uniformly stressed materials the stress-induced velocity changes are defined as [1, 2, 11] When the stress varies in the direction of depth, the Rayleigh wave will be dispersive since the depth of penetration of the Rayleigh wave is proportional to the wavelength. Consider a linear stress distribution in the direction perpendicular to the surface of the section of sample in [11] :
where f π ω 2 = notes the circular frequency, β is a constant. The stress gradient ( dh d / σ ) can be determined by measuring the Rayleigh wave velocity at two different frequencies.
This paper focuses on Rayleigh surface waves for detecting the stress gradient in cantilever made of carbon steel. The modeling and experiments on the propagation of ultrasonic surface waves on cantilever with a transversal and longitudinal stress gradient are carried out in [12] [13] .
That formulation makes the results difficult to be compared and assessed. In order to find quantitative interrelations between the stress-state of the material and surface ultrasonic waves it is necessary to create a model in which only the transversal stress gradient is significant.
The aim of the work is to find out the appropriate parameter of ultrasonic waves for stress-state evaluation of the materials with stress gradient.
The procedure of the current experiment is realized by consecutive loading of metal sheets and registration of the ultrasonic wave signal. A triangular shaped cantilever with a constant strength is subjected to bending so that the desired stress distribution is obtained. The propagation of ultrasonic surface waves in a bent metal beam is assessed depending on the stress gradient and the ratio h / λ , where λ is the ultrasonic wavelength and h is the thickness of the metal sample.
We use the following approximation accepted for some applications. The triangular in plane sample, made from low carbon steel, is loaded with force P as shown in Fig. 1 . The width of the beam b(x) at the distance x from the application point of the bending force P is
where α is the angle at the apex of the triangular beam
So the value of the normal stress at the surface is determined by [14] 
where σ is the stress, y M is the bending moment toward axis y, y W is the resistance moment. The axes y and z are principal axes of inertia and x is the arm of the applied force P. Under the terms of the acceptances, the normal stress is independent of x. According to the scheme in Fig.1 chosen small enough to prevent residual deformations and stresses. The stress gradient is equal to the ratio h / 2σ . 
Ultrasonic measurement
An experimental set-up for ultrasonic investigation is shown in Fig. 2 . The computerized ultrasonic instrument allows measuring the propagation time of an ultrasonic impulse with accuracy up to 1 ns and 8 bits resolution at the sampling rate of 100 MHz [15] . , i.e., 2.5 mm and 1.25 mm for 2 MHz and 4 MHz [16, 17] . The signal is emitted by the transducer E, received by the transducer R and recorded as shown in Fig.3 . The receiving transducer moves along the acoustic path covering the distance L Δ . The velocities of surface waves are measured for samples with varying thickness h and loads till 500N, so the stress to be less than 50-60 MPa. The velocity of the surface wave R C is estimated in the following way [16] .
where L Δ is the distance between the positions R1 and R2 of the receiver R, 1 τ , 2 τ are the arrival times of the wave obtained at the distances L1, L2 and registered from the starting point of the ultrasonic impulse. The time is the average of 16 times of flight measurements. The distance L1 is about 20 wavelengths for 2 MHz and 40 wavelengths for 4 MHz. The distance L2 is about 7 times higher. The relative change of the surface wave velocity is determined by the relation:
where R C and o R C are the velocities in stressed and unstressed media.
Signal processing. Spectral analysis
The registered signals from surface ultrasonic waves are processed as described in [17] . The procedure includes smoothing, filtering, applying a Fourier transformation and determining the spectrum [18] .
The complex frequency spectrum of the signal x(t) is found after performing Fourier transformation
is the amplitude and ) ( f φ is phase spectra:
Cross-spectrum analysis
To assess the difference between the signals from unstressed samples and these ones with mechanical stresses, we use a cross-spectrum analysis [18] [19] [20] [21] [22] . This processing technique is applied to the signals obtained for one and the same distance and shifted with respect to the time of arrival.
The cross-spectrum of the signals
. The phase xy Ф of the cross-spectrum ) ( f CS xy of the studied signals in the specified frequency range measures the phase lag. The time delay is represented by the slope of the phase spectrum [18] [19] [20] :
The spectrum of the signal of unstressed material S 0 is correlated with the spectrum of the signal of the stressed material i S , here i=1,2...n correspond to different loads and stress.
Results and discussion
The results of the bending test are shown in Fig. 3 and 4. The measurements are carried out on the tension side of the beam. The signals from ultrasonic surface waves before and after loading in the case when the acoustical path line is perpendicular to the bending moment are shown in Fig. 3a-d for 2 MHz and 4 MHz. The ultrasonic impulses in stressed materials are received earlier than those in the unloaded samples and their shapes and lengths are changed.
Ultrasonic velocity
The Fig. 4 shows the dependences of the relative velocity change on the stresses at the surface of samples 5, 8 and 10 mm thick.
The value R dC increases with the growth of the stress gradient. The results obtained at the frequencies 2 MHz and 4 MHz are given as a square and circle marks. The values obtained for thinner sample with maximum stress gradient (a) are higher than those for the samples with the thicknesses h=8 mm (b) and h=10 mm (c).
The 2 MHz wave velocity is faster since it has a longer wavelength and penetrates deeper into the surface than that of 4.0 MHz and the average stress of the affected layer is lower. The average stress depends on the ratio wavelength -thickness ( λ /h) and is determined by
The value 2 / h n = marks the distance from the surface to the zero line, where the stress is equal to zero and γ corresponds to the wave penetration depth. Fig.5 shows a distribution of relative velocity change in dependence of the average stress and the stress gradient. The obtained results are in good agreement with [11] . 
Phase spectra of ultrasonic signals
The phase spectra of the ultrasonic signals obtained from samples with thicknesses 5mm and 10 mm by the spectral analysis (Eq. 9) are presented in Fig. 6 . The phases of the signals are better distinguished for specimens with a higher stress gradient.
Cross spectral analysis
The cross-spectrum phase Ф is essential in the frequency region from 1 to 5 MHz. The results shown in Fig. 7 concern the signals registered on the direction perpendicular to the bending moment. The stress-state guides the phase variation. The differences between the curves are considerable and are increased with the stress.
The slope of the phase can be used as the information parameter for a stress estimation.
Influence of the stress gradient on the crossspectrum phase
The presence of the stress gradient affects an alteration of spectrum of the impulse wave and requires the signal processing [13] . The Fig. 8a and b are indicative of the phase shift. The higher stress gradient causes a greater slope. The changes are accumulated with the increase of the acoustical path. The slopes of the cross spectra phases obtained at L1 and L2 are marked consequently by squares and circles. The results at Fig.8a show higher values of the slopes at the 2 MHz nominal frequency of the transducer. 
Anisotropy
The materials used in the present work are taken from the serial production. The samples are made from low carbon steel sheets and have a small anisotropy of structure parameters. The measurements of ultrasonic velocity and registrations of ultrasonic impulses are carried out for different angles between the acoustical path and the bending moment as shown in Fig.9 . The relative change of surface wave velocity, measured in unstressed material in different directions with a step of 15 degrees is displayed in Fig. 10 . The variations of CR are quite small and are less than of 0.2%. The stress arouses the anisotropy of the acoustic properties. The signals of the unstressed and stressed materials, obtained in different directions are shown in Fig.11 . The signals of the stressed samples appear after the reference signal (without a load) in direction №1. The signals coincide in direction № 2. This trend is more noticeable in the thinner material with a higher stress gradient. The results about phase differences are shown in Fig.  13, 14, 15 and 16 . The phases of cross spectra of signals obtained from samples with higher and smaller stress gradient at direction parallel toward the bending moment are presented in Fig.13 . The Fig.14 presents the results at 30° toward the bending moment. The slopes of the curves in Fig.13 , the received from signals in the direction 1 decrease with the increasing loads. The phase shift grows with the increasing of the angle between the bending moment and the measurement line. Greater change is observed along a line perpendicular to the loading force at Fig.16 .
The coefficient S is the slope of the cross-spectrum phase Ф and is determined by (13).
where 2 , 1
f are 1 and 5 MHz. The Fig. 17a and b show the variations of the slope versus direction of measurement. Greater stress causes larger values of slope. The phase slope can be used as a new information parameter for stress state estimation in materials.
Conclusion
The performed study shows the capability of the ultrasonic equipment to estimate the acoustical properties of elastically deformed materials. The small changes of the surface wave velocities in stressed materials are registered and measured. The use of a through transmission technique with emitting and receiving transducers for the Rayleigh waves and a digital ultrasonic flaw detector is perspective approach for stress-state evaluation of the constructions. The stress gives rise to anisotropy of the acoustical properties and leads to phase and group velocities variations. The spectrum and cross spectrum analysis of ultrasonic impulses are appropriate techniques for evaluation of the time delay of the signals in stressed materials. The slope of phase differences can be used as a good information parameter for recognition and assessment of a stress-state in materials. 
